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Abstract 
PV (Photovoltaic) modules must withstand many different types of loads while in operation.  The primary mechanical 
loads are due to wind and snow.  Thus, it is important to understand how those loads are transmitted to the 
components of the PV module in order to optimise module performance.  Analytical models are highly mathematical, 
detailed, and complex in nature.  Numerical simulation such as the Finite Element Method (FEM) is much more 
useful because many variations between PV products and installation methods exist due to details in frame geometry, 
glass thickness, support structure, and clamping application.  A global mechanical finite element (FE) displacement 
model was created that would allow engineering analysis of mechanical performance that can be used to make 
mechanical design decisions in order to maximise performance.  Then, a case study was performed in which the FE 
model results were compared against real test data.  To generate the test data, the PV module was placed on a 
mechanical load test machine in order to measure the vertical displacement under load.  During the test, load was 
applied and the displacement of components measured.  The clamp distance to the edge was changed as a variable so 
a global optimum could be found that minimised vertical displacement and thus be considered the optimum location 
for installation.  By installation at this location, displacement will be minimised and the system will allow for 
maximum performance.  
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1. Introduction 
A product designer must balance many tradeoffs to deliver an optimally designed product to market 
that is cost-effective and will deliver product performance over its warranty period.  The PV laminate 
mechanical structure is very difficult to model and depends on a variety of factors such as EVA modulus 
and temperature.  EVA (Ethylene-vinyl acetate) is a typical material used in PV module construction to 
encapsulate the PV cells.  Additionally, experts agree that because a PV module is a complex system, 
analytical methods should not be used and numerical methods such as FEA are better suited.  Because of 
this, any mechanical FEA that attempts to model the stress and strain of the cells will need to be 
performed at a specific temperature due to large variations of Shear modulus (G) of EVA.  Additionally, 
prior work has shown that integrating everything into one FE model to calculate stress in the PV cell is 
work is best handled to use a global model and different sub models in order to model behaviour [1].   
 
It is well known that static loads cause displacement of the PV module components which in turn 
cause cracks and immediate power loss [2-4].  It has also been shown that while cracks cause immediate 
power loss in PV modules, it may be more important that with subsequent aging, the cracks tend to get 
larger and may lead to power loss over time [3].  This load-displacement-power loss phenomenon is 
evaluated in qualification testing in which a module undergoes IEC 61215 Section 10.16 Mechanical 
lity of the module to withstand wind, 
5].  Wind is represented by a uniform pressure of 2400 Pa over the module 
surface in both directions perpendicular to the laminate while snow is represented by 5400 Pa in the 
downward direction only. 
 
Nomenclature 
F Applied Force (N) 
E Elastic Modulus (GPa)  
G  Shear Modulus (GPa) 
  
 Displacement  (mm) 
Subscripts 
Load A force applied to a given surface 
2. PV module test setup 
Test machines exist in order to perform mechanical load tests according to international standards.  In 
module qualification testing, a module has its electrical power measured before loading, undergoes a 
mechanical load cycle a few times in both directions, and then the electrical power is measured after 
loading.  The quality of the module is judged by how much electrical power is lost after the testing.   
 
First, A PV module was put under a mechanical load, and these displacements were measured at the 
corners and center of the frame edges.  Additionally the centre displacement of the laminate was 
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measured with a machine sensor.  This data could then be compared with the simulation results to analyse 
the model. 
 
 
Fig. 1. Typical mechanical load test setup 
In this instance, the PV module is mounted using the racking, clamps, and hardware that can be used in 
the field.  A pneumatic testing machine pulls a vacuum against the laminate surface.  Then downward or 
upward loads can be applied on the laminate surface depending on whether the machine exhibits a 
positive or negative pressure.  In the downward pressure case, the load is transferred from the laminate 
directly to the racking.  This racking then transfers load onto the L-feet through the hardware and then 
onto the machine base.  It should be noted that under downward pressure, depending on the module 
design, racking location, and the applied pressure, the laminate may touch the racking directly.  This 
contact then changes the dynamics of the FE model due to the supports exhibiting non-linear behaviour.  
This provides challenges for an FE model to take this into account.  However, in the upward pressure 
case, this phenomenon does not exist.   
 
During mechanical load testing, the magnitude of the load will be 2400 Pa of downward pressure to 
simulate wind.  The load must be big enough so that the displacement of the frame and laminate is large 
enough to be confidently measured with common equipment.  However, one should be careful that this 
does not enter the plastic region of the aluminium contained within the module frame or racking, because 
the simulation model is limited to linear-elastic and the inaccuracy will be increased if the testing or 
simulation enters this region.  If required, the module is put through 5400 Pa in the downward pressure 
case to account for heavy snow loads. 
 
3. Mechanical FEA model development 
Generally, cost is at odds with most performance enhancing parameters. The design engineer must 
design a structure which is strong enough meet all product performance criteria under load, while 
maintaining cost position.  When optimising the PV module mechanical structure, the design engineer 
must include the following significant factors: 
 
1. Structure stiffness (Fload ). A rigid mechanical support structure is good for the encapsulated 
cells when under static load.  Since cells are much thinner as part of the composite laminate structure, the 
displacement applied to them will largely be determined by the module stiffness.  A large stiffness is 
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better to reduce glass displacement for a given force.  Structural stiffness is an extensive property that 
depends on the material, size and shape of the components, and structure assembly. 
 
2. Cost.  This is a combination of raw material cost, processing, and assembly cost.  Less material 
will lead to lower weight which is cheaper to procure, easier to handle, and cheaper to ship.  Low frame 
height of the structure will allow more modules per container and thus lower shipping and packaging 
costs. 
 
3. Component stress.  The stress experienced within components can be calculated but for the 
purpose of this study it will be ignored since components analysed in this study can be confidently placed 
within the elastic region of the material and experience only linear stress-strain effects.  The result of this 
assumption is that by minimising glass displacement, stress on the cells will be minimised.  
 
The first step in FE model creation process is the creation of a simplified geometry.  Unneeded fillets 
and features are removed from the CAD (Computer-aided design) geometry.  This makes meshing easier 
and speeds up the calculation time by orders of magnitude.  The simplified geometry can be seen below in 
Fig. 2. 
 
 
 
Fig. 2. Simplified Model Geometry of PV Module 
 
Next, the model is cut into a quarter model and given symmetry boundary conditions on the 
corresponding sides.  The load is applied, materials are given contact sets to show the relation between 
them and any boundary conditions are applied.  A fixed boundary condition is applied on the racking 
where it is tied to the L feet in the field (see Fig. 1). 
 
The materials applied to the model can be found in engineering standards and textbooks due to the 
commonality of the materials chosen.  These materials and critical engineering properties can be found in 
Table 1. 
 
Table 1. Part description with material properties 
 
All materials are considered linear-elastic and isotropic.  The material for the superstrate is soda lime 
glass which has properties specified in EN 572-1 [6].  The frame and racking material are both made of 
Part Description Material E (GPa)  G (GPa) 
PV Laminate Glass 70 [6] 0.2 [6] 30  
Frame Aluminium 70 [7] 0.33  26 [7] 
Racking (Rails) Aluminium 70 [7] 0.33  26 [7] 
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aluminium in which linear-elastic properties are fairly uniform across all grades and standard textbook 
values can be used [7]. 
 
 
 
Fig. 3. Quarter model with load applied 
 
Above, the final FE model is shown.  At this stage, it is ready for meshing.  After meshing, the model 
can be run.  It should be noted that the results apply under the following assumptions: 
 
 All material properties are isotropic 
 All material exhibits linear-elastic behaviour 
 All material properties are not dependant on temperature 
 Two lines of material symmetry.  The PV m  
 Laminate composite is approximated as a flat glass plate 
 Flat glass plate nodes are bonded directly to the nodes of the PV module frame 
 Creep, dynamic loads, and other time dependant phenomenon are not considered 
 
4. Results  Case study:  Installation racking location 
In order to optimise racking location, and analyse the performance of the FE model, the PV module 
was put under a mechanical load, and these displacements were measured at various locations along the 
module frame.  Additionally the center displacement of the laminate was measured with a machine 
sensor.  This data was then compared with the simulation results to analyse model performance. 
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Fig. 4. Typical results of vertical displacement utilising mechanical FE model 
 
After the model parameters are fixed, a design scenario was performed in order to predict the effects of 
racking installation span on actual module displacement. 
 
PV modules are installed in a variety of locations throughout the world, and typically the installer 
chooses the distance or span of the racking with guidance from the PV module manufacturer or racking 
provider.  Ranges are specified by the PV module provider to ensure optimum performance while 
maintaining installation flexibility.  These ranges are chosen to minimise glass displacement, so that less 
stress will be placed on the cells.  This will lead to enhanced performance. 
 
 
 
Fig. 5. Schematic of PV module and the variable of clamp and rail distance from the edge 
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A case study was completed for installation racking location.  Material properties, load, and model 
design remained constant while the fixture location to the installation rail, was changed according to a 
typical installation manual used in industry.  See the REC installation manual for an example [8]. 
 
 
 
Fig. 6. Displacement simulation model compared with actual test data 
As can be seen in Fig 6, the optimum location for rail position under static load is about 250 mm from 
the module edge.  The PV module under test was about 1650 mm long.  Thus, a design rule of the 
optimum rail position from the module edge is 15% of the total length of the module.  However, there are 
many different module, rail, and clamp designs and sizes that make it very challenging to extrapolate this 
result across all possible combinations.  Therefore, one should analyse and test the particular combination 
of module, rail, and clamp design before installation. 
 
The optimum location of the FE displacement model is within 14% of the actual location shown by 
test data.  Error of displacement between the model and test data appears higher and becomes greater as 
the distance from the optimum installation location increases.  This is likely due to the non-linearity of the 
supports and material which become important due to the high displacements (strain) involved especially 
when the installation location deviates from the optimum location of 250 mm. 
 
5. Conclusions 
Displacement of a typical PV module was measured under load on a mechanical load machine.  Then, 
an FE displacement model was constructed using the design conditions tested on the mechanical load 
machine.  The calculated displacement results were then compared against test data for the PV module.  
After the model verification, a case study was performed on the optimum installation location of the rails 
reported under a static loading condition.  The FE model was found to be within 14% of predicting the 
optimum rail location. 
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The displacement does not perfectly correlate to real test data likely due to the assumptions made.  
Power loss after mechanical load [5] is a better criterion regarding performance rather than displacement 
but has additional challenges when modelling because it is a second-order effect.  Additionally, FEA is a 
tool for designers but should not be used in isolation without an understanding of the errors involved.   
 
A FE model is very useful in product development and FEA is a good tool to use in the detailed design 
stage of product development due to the relatively low cost and speed of feedback on the design quality.  
By using a model, design parameters can be changed to see the effect on deformation of the module 
before prototype and test stages.  Using FEA, an organisation will reduce costs and improve time to 
market of new products. 
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